Abstract Biological treatment using methane-oxidizing bacteria (MOB) immobilized on six porous carrier materials have been used to mitigate methane emission. Experiments were performed with different MOB inoculated in building materials at high (~20 % (v/v)) and low (~100 ppmv) methane mixing ratios. Methylocystis parvus in autoclaved aerated concrete (AAC) exhibited the highest methane removal rate at high (28.5±3.8 μg CH 4 g −1 building material h ) methane mixing ratio. Due to the higher volume of pores with diameter >5 μm compared to other materials tested, AAC was able to adsorb more bacteria which might explain for the higher methane removal observed. The total methane and carbon dioxidecarbon in the headspace was decreased for 65.2±10.9 % when M. parvus in Ytong was incubated for 100 h. This study showed that immobilized MOB on building materials could be used to remove methane from the air and also act as carbon sink.
Introduction
Methane is the second most important greenhouse gas (GHG) after carbon dioxide contributing to atmospheric global warming. With global emissions between 500 and 600 Tg methane per year, methane represents approximately 14 % of the total anthropogenic GHG emissions (Bernstein et al. 2007; Dlugokencky et al. 2011) . Average methane mixing ratio in the atmosphere is around 1.8 ppmv, but higher values are observed in places close to the emission sources, e.g., 100 ppmv in livestock barns (Jungbluth et al. 2001 ). Methane emission from livestock barns (i.e., methane emitted from rumen digestive system) is the second largest contributor to the total anthropogenic emissions (Conrad 2009 ). With increasing global population, and hence, food demand, the global methane emission from livestock barns is expected to also increase (Jiang and Hardee 2011) . Therefore, strategies need to be implemented to mitigate methane emission from these places.
Methane gas waste can be treated by direct combustion (i.e., flaring) or be used as a source of biofuel. However, a high methane mixing ratio is needed for these solutions to be viable. Considering the low methane mixing ratio in livestock barns, biological treatment using methane-oxidizing bacteria (MOB) is a viable option due to the low investment, energy and operating cost (Nikiema et al. 2007; Veillette et al. 2012) .
MOB are able to utilize methane via the methane monooxygenase (MMO), a key enzyme in biological methane oxidation (Hanson and Hanson 1996) . MMO is responsible for the first step of methane oxidation to methanol. There are two types of MMO: the soluble MMO (sMMO) and the particulate MMO (pMMO). Located in the cytoplasmic membrane, pMMO has been detected in almost all MOB, except within the Methylocella and Methyloferula genera. On the other hand, sMMO, which is located in the cytoplasm, has only been found in several MOB (e.g., M. trichosporium OB3b). For biotechnological application, MOB were used in a biofilter system to reduce methane emission in landfill-cover soil (Nikiema et al. 2007) . Both MMOs are known to be nonspecific and have been used to degrade pollutants such as different alkanes and aromatic compounds (Semrau et al. 2010) with sMMO having broader range of substrates than pMMO. Overall, MOB have a potential to be used in biotechnology not only as the biocatalyst to reduce methane emissions but also to degrade a wide range of pollutants.
MOB have been used to treat methane emission by means of immobilization in biofilter or biotrickling filters in livestock barns and manure storages (Girard et al. 2009 . Methane emission treatment using immobilized bacteria has several advantages compared to using suspended bacteria (e.g., higher conversion rate) (Cohen 2001) . The most important factors to have a high methane removal by immobilized MOB are the high surface area and porosity of the bacterial support (Cohen 2001) . In livestock barns, existing building structures comprised of materials with a high porosity and surface area may provide a niche for these MOB.
In the last decade, bacteria have been applied on building materials for different purposes. Bacteria capable of producing calcium carbonate have been applied on stone as a surface treatment and to infer self-healing properties in concrete. For example, biodeposition on the surface of concrete could improve the durability of the material (De Muynck et al. 2008) and bacteria immobilized on diatomaceous earth were capable to fill cracks in concrete by means of precipitation ).
This study is part of a research project aimed at the mitigation of methane emissions from livestock barns by means of MOB immobilized on the barn's building materials. This paper reports the kinetics of methane removal of different inorganic materials enriched with MOB. First, selection of MOB having the highest methane removal capacity on building materials was done. Second, an optimisation of methane removal by selected MOB was done by varying different parameters (i.e., immersion time and starting culture density).
Materials and methods

Building materials
Experiments were performed on six types of building materials: autoclaved aerated concrete (Ytong , Belgium), Maastricht and Euville limestone, and three types of bricks (Safari Geel Bezand (Brick A), Rocher rood (Brick B), and Tenere (Brick C) (Wienerberger, Belgium)). Selections were based on their application and porosity data. Ytong (AAC) exhibits high porosity which makes it a good candidate for the experiment. Bricks are one of the most used building materials in livestock barns, especially in places that lack natural stones (e.g., in Flanders, Belgium). Maastricht and Euville limestones are described in detail elsewhere (De Muynck et al. 2010) . Building materials were stored at 28°C prior to use.
Porosity analysis
Before analysis, six types of building materials (as mentioned previously) with dimensions of: 1×1×1 cm were dried at 70°C until the weight losses were less than 0.1 % (w/w). The porosity of building materials was analyzed in duplicate by mercury intrusion porosimetry (MIP) using Pascal 140 and 440 porosimeters (Thermo Fischer Scientific, Belgium) according to Aligizaki (2006) .
Microorganisms
The selection of MOB was based on several criteria. Due to the alkaline nature of chosen building materials (unpublished data), two alkaliphilic MOB were selected: Methylomicrobium alcaliphilum DSM 19304 T and Methylomicrobium kenyense DSM 19305 T . They are both type I MOB and grow optimally at pH 9 (M. alcaliphilum ) and pH 10 (M. kenyense ) (Kalyuzhnaya et al. 2008) . As part of the experiments were performed at low methane mixing ratio, two type II MOB were selected: Methylosinus trichosporium NCIMB 11131 T and Methylocystis parvus NCIMB 11129 T . Based on kinetic studies by Knief and Dunfield (2005) , M. trichosporium required a minimum of~100 ppmv methane mixing ratio necessary for cell maintenance, which is within the range of the methane emission level observed in dairy farm (Jungbluth et al. 2001 ). Thus, this strain could have a better survivability when applied on building material in livestock barns. M. parvus are known to accumulate poly-3-hydroxybutyrate (PHB) (Pieja et al. 2011) and MOB accumulating PHB could survive better at low methane mixing ratio (Knief and Dunfield 2005) . Methylomonas methanica NCIMB 11130 T (Type I) was also tested as this strain has been successfully immobilized in a biofilter setup to treat methane emission in coal mines (Apel et al. 1991) . Additionally, an MOB mixed culture was tested. It was enriched from a moderately alkaline (pH 7.9) cropland clay soil originating from Gent, Belgium. Mixed culture enrichment was performed in Nitrate Mineral Salt (NMS) medium (Whittenbury et al. 1970) . Pure cultures were grown in NMS medium and modified NMS medium (Khmelenina et al. 1997) for non-alkaliphilic (pH 6.8) and alkaliphilic MOB (pH 9), respectively. Bacterial enrichment for both pure cultures and the mixed culture was always performed in serum bottles under 20 % (v/v) methane mixing ratio and the bottles were incubated on a shaker (120 rpm) at 28°C.
Bacteria cell count
The culture density was measured by means of a CyAN™ ADP LX flow cytometer (Dakocytomation, Belgium) according to the live/dead staining protocol as described by De Roy et al. (2012) . For each bacterial culture, a relationship was made between the culture density and the optical density (OD) value (λ =610 nm). The OD value of the culture was measured using an SIS 9000 MDA spectrofotometer (Dr Lange GmbH, Germany). To obtain the OD value and culture density relationship, a 2-fold dilution series (until 2 −6 dilution) was made from an enriched (OD culture >0.7, mid-exponential phase) bacterial culture. The OD and the culture density values for each dilution were measured and plotted. A relationship between the OD and the culture density for each culture was obtained from linear regression of the plot. For each bacterial enrichment, the bacterial culture density was calculated from the measured OD. With the exception of the influence of the starting culture density on MOB activity tests, MOB were cultured to a density of 2×10 8 live cells (ml) −1 before the liquid was poured into a serum bottle containing a building material.
MOB incorporation in building materials
Building material blocks were cut into prisms with the following dimensions: 1×2×5 cm. Each specimen was glued on the bottom of a 250-ml serum bottle using epoxy glue (Pattex © , Belgium) and autoclaved ( Fig. 1 ). The following procedure was performed under sterile condition except for the mixed cultures. MOB liquid culture (~150 ml) was poured into the bottle until the specimen was immersed. The bottle was then closed and incubated at 28°C under atmospheric air and at static conditions for 24 h. Afterwards, the liquid was poured out from the bottle. The inside wall of the bottle was wiped with a paper towel to eliminate any bacterial effect from the bottle wall. Finally, the bottle was sealed with a butyl rubber stopper and screwed with an aperture cap.
Activity tests of MOB in building materials
MOB activity is defined in this study as the methane removal capacity of MOB immobilized on building materials. Experiments were performed to investigate the MOB activity at high (~20 % (v/v)) and low (~100 ppmv) methane mixing ratio. Serum bottles were injected with methane (99.5 % (v/v); Air Liquide, Belgium) before measurements and incubated at 28°C under static condition. Gas composition and pressure were measured in the headspace of the bottles to calculate the methane oxidation rate (MOR) over 100 h (high methane mixing ratio) or 200 h (low methane mixing ratio) of incubation. Three types of additional experiments for each material and methane mixing ratio were performed to confirm the biological nature of the methane removal. These were activity tests using: (1) only building material, (2) sterile culture medium (no bacteria) in building material, and (3) autoclaved bacterial culture in building material. Sterile medium and autoclaved bacterial culture were poured into serum bottles containing specimens for control (2) and (3), respectively. The liquid was then separated after 24 h of immersion. Each experiment was performed in triplicate.
Based on the porosity analysis, AAC, Maastricht limestone, and Euville chosen to be represented in the MOB activity test results because they possessed three different characteristics: (1) high porosity and specific surface area (AAC), (2) high porosity but low specific surface area (Maastricht limestone), and (3) low porosity and specific surface area (Euville limestone). , and 5×10 7 live cells/ml) and (2) the immersion time of the specimen in the bacterial culture after the liquid culture was poured into the bottle (1, 5, 10, 20 h of immersion time). When varying the starting culture density, immersion time was kept at 24 h and when varying the immersion time, the starting culture density was kept at 2×10 8 live cells/ml.
MOB kinetic evaluations
To assess the methane removal kinetics of MOB, the Michaelis-Menten constants (apparent half-saturation constant [K m(app) ] and maximum specific rate [V max ]) were evaluated. To obtain Michaelis-Menten constants, serum bottles containing Maastricht limestone inoculated with bacteria were injected with methane to reach~20 % (v/v) methane mixing ratio in the headspace. Over the incubation period, the headspace methane mixing ratio decreased due to methane consumption by MOB. MOR was calculated from methane mixing ratios in the headspace over time. MOR was then plotted against the initial methane mixing ratio. The plot for each culture was fitted using hyperbolic nonlinear regression to get Michaelis-Menten constants.
Gas composition analysis
Oxygen, methane, and carbon dioxide are the gasses analyzed in this study. Oxygen, carbon dioxide, and methane (~20 % to 0.1 % (v/v)) were measured using a Compact Gas Chromatography (GC) (Global Analyser Solution, The Netherlands) which is equipped with a thermal conductivity detector. Methane below 0.1 % (v/v) was measured using a Trace GC Ultra (Thermo Fisher Scientific, Belgium) which is equipped with a flame ionization detector. Trace GC Ultra has a minimum detection limit of 100 ppbv of methane mixing ratio. For the gas composition measurements, 1 ml (Compact GC) or 0.1 ml (Trace GC Ultra) of gas sample was taken from the headspace of the bottle using a gas tight syringe (Hamilton, Belgium) and directly injected to the GC. When the oxygen level in the headspace of the bottle was within 5-8 % (v/v) range, new oxygen was added to the headspace until it reached 15 % (v/v) oxygen mixing ratio. This was done so that oxygen would not become the limiting substrate for the MOB.
pmoA-based diagnostic microarray analysis Total DNA was extracted from the mixed cultures using the QBiogene soil extraction kit (MP, Germany) in duplicate according to the manufacturer's instructions. The DNA extract was used as a template for the diagnostic microarray analysis which was performed as described before (Bodrossy et al. 2003 ) with minor modifications (Ho et al. 2011) . The pmoA gene amplicons were derived using the A189f/T7_A682r primer combination (Bodrossy et al. 2003) . The microarray analysis was performed in R ver.2.10.0.(R Development Core 2012), and visualized as a heat map using heatmap.2 as implemented in gplots ver.2.7.4. The intended probe specificity has been given elsewhere (Ho et al. 2013 ).
Statistical analysis
Except for kinetic tests, values are the mean of triplicate measurement values. Error bars represent the standard deviation. Comparison of means, assuming normal distribution, within one experiment (e.g., one building material and a methane mixing ratio) was done using one-way ANOVA test (p =0.05). Subsequent pairwise multiple comparisons tests (Holm-Sidak procedure) were performed to compare the differences between two mean values in the experiment (α = 0.05). Statistical analyses were carried out in SigmaPlot v12.0 (Systat Software Inc., USA).
Results
Porosity analysis of building materials AAC (46.8±1.8 % (v/v)) and Maastricht limestone (41.6± 6.9 % (v/v)) exhibited the highest porosity among the different building materials tested (Table 1) . AAC (0.36±0.04 ml/g) and Maastricht limestone (0.28±0.05 ml/g) also exhibited the highest macropores (pores with diameter >5 μm) volume per gram of building materials (Table 1 and Fig. 2) . However, between the two, only AAC exhibited a high volume of pores with diameter <0.5 μm (Fig. 2) . AAC also possessed a significantly higher specific surface area (45.8±3. 
MOB in building materials activity tests
After 24 h of immersion, there was no appreciable increase of pH in all MOB cultures for all building materials (Table 2) , with the exception of M. trichosporium in AAC (from 6.7 to 7.5). There was no change of pH in the culture of M. kenyense in Maastricht limestone and Brick B and in the culture of M. methanica in Brick A.
M. alcaliphilum , M. trichosporium , and M. parvus in Maastricht limestone exhibited significant methane removal both at high (M. alcaliphilum : 13.6±0.9 μg CH 4 (g building materials h) ). M. kenyense did not exhibit significant methane removal when immobilized on any of the materials tested. M. methanica only showed activity in Maastricht limestone at low methane mixing ratio.
The total gas C content (originating from methane and carbon dioxide) in the headspace of serum bottles containing AAC or Maastricht limestone inoculated with M. parvus was decreasing over the incubation period at high methane mixing ratio (Fig. 3) . After 100 h of incubation, the total gas C content in the bottles with M. parvus in Maastricht limestone decreased from 24.8±2.2 to 16.3±2.7 mg C (34.1±8.1 % carbon removal). The decrease was more pronounced (from 23.0±0.4 to 8± 2.6 mg C) in bottles containing M. parvus in AAC (65.2± 10.9 % carbon removal). No significant decrease was observed in bottles with AAC or Maastricht limestone only (p <0.05).
Influence of starting culture density and immersion time on MOB activity M. parvus in Maastricht limestone was chosen for this experiment to further optimize its methane removal efficiency for future applications (i.e., in livestock barns), since they exhibited one of the highest activities at low methane mixing ratio. The methane removal potential of M. parvus at low methane mixing ratio was dependent on the starting culture density and the immersion time (Fig. 4) .
Significant methane removal was observed when the specimens were immersed for 5 h or more (Fig. 4a) . Maximum methane removal was exhibited by M. parvus when the stones were immersed for 10 h where the methane concentration in the headspace was decreased from 35.9±3.5 to 8.6±1.4 mg/m 3 air after 100 h of incubation (75.9±4.2 % methane removal). The highest methane removal rate was observed in the first 24 h of incubation. After this period, 57.3±4.2 % of the methane has been removed. Lower methane removals were observed when M. parvus were immersed for 5 h (21.2±3.7 % methane removal) and 20 h (51.5±10.4 % methane removal). The methane removal by M. parvus was not significant when the stones were immersed for 1 h compared to all the control series (p <0.05).
The methane removal potential of M. parvus was lower when smaller starting culture density was used (Fig. 4b) . From the different starting culture densities tested, M. parvus at culture density of 8×10 8 live cells/ml exhibited the highest activity after 100 h of incubation. The methane concentration in the headspace decreased from 38.7±3.7 to 0.9±0.6 mg/m 3 air (97.7±1.4 % methane removal). The highest methane removal rate was observed in the first 20 h of incubation where 92.8±3.4 % of the initial methane was removed. The lowest methane removal was exhibited by M. parvus when a Error values indicate the standard deviation (n =3) a Pore volume with diameter above 5 μm Fig. 2 The porosity of different building materials as determined by mercury intrusion porosimetry (MIP) analysis. The porosity is given as the pores volume per gram of building material. For each building material, values in the graphs were represented from two measurements. The area within the square is the macropores (pore diameter >5 μm) area culture density of 5×10 7 live cells/ml was used (28.2±9.0 % methane removal).
MOB kinetic evaluations
The kinetics of methane removal by the MOB were studied in Maastricht limestone because higher numbers of tested MOB cultures exhibited methane removal at both high and low methane mixing ratios when MOB were immobilized in this stone (Table 3 ). The methane removal kinetics of immobilized MOB still followed the hyperbolic model of Michaelis-Menten with a good fitting ( ) among all MOB cultures in Maastricht limestone. The kinetic of the mixed culture was obtained from a bacterial community predominantly composed of Methylocystis-related MOB (Type II, probes P_McyM309, O_Mcy255, P_Mcy270, and P_Mcy233) as revealed from the microarray analysis (Fig. 6 ).
Discussion
For each MOB culture, higher methane removal was exhibited when MOB was immobilized on AAC at both high and low methane mixing ratio with M. trichosporium being the exception. Since in this experiment all building materials were immersed with the same starting culture density and immersion time, the high methane removal of MOB in AAC could be attributed to the higher macropores (pores with diameter >5 μm) volume possessed by AAC compared to other building materials. AAC and Maastricht limestone exhibited significantly 7.4 6.6 6.8 6.6 6.7 6.6 7.0 6.6 6.7 6.6 6.9 M. parvus 6.8 7.2 6.9 7.0 6.8 6.9 6.7 6.8 6.8 7.0 6.9 6.9 Mixed culture 6.8 7.2 6.8 6.9 6.8 7.0 6.7 6.9 6.8 7.0 6.8 7.1 M. methanica 6.8 7.2 6.8 7.1 6.8 6.9 6.8 6.8 6.8 7.0 6.8 6.9 Table 3 Methane removal rates of MOB in AAC, Maastricht limestone, and Euville limestone at high (~20 % (v/v)) and low (~50 ppmv) starting methane mixing ratio along with the three control series for each building material Values that appear in bold indicate significant methane removal by MOB relative to the control series for each type of the specimen (p <0.05). Error values are standard deviation (n =3) a Control series: only stone (A), medium in stone (B), autoclaved MOB in stone (C) higher macropores volume (p <0.05) than other tested building materials. Thus, with bacterial size around 1 to 2 μm, building materials with high macropores volume could accommodate more bacteria than the ones with low macropores volume (Samonin and Elikova 2004) . When the pore size of the support is one to five times the size of bacteria, a maximum accumulation of biomass can occur (Cohen 2001) . AAC also exhibited a high volume of pores with diameter <0.5 μm, which gave rise to a higher surface area possessed by the material compared to other materials. However, MOB would not be able to penetrate and reside within these micropores. Although both porosity and the surface area of the support are the two most important factors for a better microbial activity, in this study, macropores volume was the more important factor to have a high methane removal. Overall, with a higher amount of bacteria most likely incorporated in AAC, a higher methane removal could therefore be expected when comparing the activity of the same cultures in different building materials. For a given building material, different methane removal rates were observed for different MOB cultures and methane mixing ratio. At high methane mixing ratio, the methane removal rate by the MOB would approach a zero order kinetic and MOB would exhibit a methane removal rate approximating their V max value. This was observed in the kinetic studies of different MOB culture in Maastricht limestone. MOB exhibiting the highest V max (e.g., M. trichosporium) values exhibited the highest methane removal rate at high methane mixing ratio. MOB exhibiting a lower K m(app) value indicates a higher affinity to methane. At low methane mixing ratio, the methane removal rate of MOB would approach a first order kinetic where the K m(app) >>S; thus M. parvus, having the highest V max /K m(app) value, exhibited the highest methane removal at low methane mixing ratio.
The K m(app) value of M. trichosporium obtained in this study is comparable to that reported by Lontoh and Semrau (1998) (a study in liquid culture, which is around 0.64 % (v/v), after multiplication with Bunsen coefficient) (Lontoh and Semrau 1998) . Although kinetic parameters of M. parvus and M. alcaliphilum have not been reported yet, the K m(app) Fig. 3 The total methane and carbon dioxide-carbon in the headspace of serum bottles containing M. parvus in AAC and Maastricht limestone incubated at high methane mixing ratio. Error bars represent standard deviation (n =3) (Conrad 1996) . Further, the K m(app) value of the mixed culture can be considered as one of the highest values compared to the values of known MOB or upland soil (Gulledge et al. 2004 ). This value was comparable to the one of landfill biocover soil (K m(app) =14 % (v/v)) (Chi et al. 2012) , an environment with a relatively high atmospheric methane mixing ratio which is comparable to the enrichment condition of the mixed culture prior to the tests.
There is a threshold immersion time and starting culture density for M. parvus to exhibit significant methane removal capacity in Maastricht limestone. M. parvus exhibited activity when the building materials were immersed for more than 1 h or when a starting culture density of at least 2×10 8 live cells/ ml was used. The methane removal potential of MOB increased when higher starting culture density was used or when the stone was immersed longer. Both conditions increased the probability of bacteria to be incorporated inside the stone. With higher amount of bacteria adsorbed on the stone, MOB could exhibit higher methane removal rates.
The decrease of the total methane and carbon dioxide-C in the headspace of serum bottles containing Maastricht limestone inoculated with M. parvus could be attributed to biomass growth. Considering the thermodynamic maintenance energy calculation and assuming a maintenance energy requirement of 5.94 kJ (C mol biomass h) −1 at 28°C (Tijhuis et al. 1993) , the minimum methane mixing ratio needed by the immobilized MOB for their metabolic maintenance is in the range of 2,000 ppmv (M. parvus) to 12.2 % (v/v) (mixed culture). From substrate Herbert-Pirt relation, the total methane uptake would partly be utilized for maintenance and partly for growth. At high methane mixing ratio (~20 % (v/v)), the methane-C was utilized for both processes. The total methane and carbon dioxide-C in the headspace of serum bottles took into account the methane that has not been consumed by MOB and the carbon dioxide released from catabolic processes. Due to the partial carbon utilization for growth and maintenance, the total methane and carbon dioxide-C was decreasing over the incubation period. The decrease of the total methane and carbon dioxide-C in the headspace of serum bottles containing AAC inoculated with M. parvus could be attributed to biomass growth and carbonation process. The main binding material of the AAC is Tobermorite-1.1 nm (Ca 5 Si 6 O 16 (OH) 2 ⋅4H 2 O; 20-40 % (wt/wt), a calcium silicate hydrate (www.AAC.gr/). In the presence of water, Tobermorite-1.1 nm reacts with carbon dioxide which leads to the formation of a silica gel and calcium carbonate (Matsushita et al. 1999) according to reaction 1.
Both biomass growth and carbonation reaction occurred over the incubation period of M. parvus in AAC at high methane mixing ratio. Due to the additional carbonation reaction, a lower amount of carbon dioxide was released to the atmosphere. Therefore, a more pronounced decrease of the total methane and carbon dioxide-C was observed when M. parvus was immobilized in AAC compared to when immobilized in Maastricht limestone.
From this study, it was shown that MOB could remove methane when immobilized on building materials. This process would be suitable to remove methane at methane emitting sources (e.g., livestock barns). Additionally, the building material inoculated with MOB could act as a carbon sink for methane. This carbon capture and storage process effect is more pronounced when using AAC as the building material; besides growth, the methane-derived carbon can also be converted to calcium carbonate via carbon dioxide. Fig. 6 The MOB relative abundance of the mixed cultures used in this study was based on microarray analysis. Red key indicates the highest hybridization signal. Probe specificity in the same order have been given elsewhere (Ho et al., 2013) There are several methods to immobilize the MOB in the building materials. As shown in this study, the MOB immobilization could be performed by immersing the specimen in the bacterial culture. For re-immobilization of MOB on existing building materials, bacterial incorporation can be done by spraying bacterial culture on the surface of the building material.
